Abstract: A total of 113 and 73 individuals of the North Pacific lightfish Maurolicus japonicus were collected from the Japan Sea and the Pacific Ocean off the Japanese Islands, respectively. Based on nucleotide sequences of mitochondrial genes for cytochrome oxidase c subunit I (COI) and 16S ribosomal RNA, they were classified into the Southern clade by Rees et al. (2017) . Taken together, the previous results and our present findings suggest that the individuals examined should be treated as a single species, Maurolicus australis, and that this species exhibits the highest genetic diversity in the North Western Pacific Ocean. The Japanese population consisted of three genetically distinct groups. Individuals of one group are also distributed in the South Eastern Atlantic and the Southern Pacific Oceans, and individuals of another group are also distributed in the North Eastern Pacific Ocean. The remaining group has not yet been reported from other sea areas and might be endemic to the North Western Pacific. Although no significant genetic structure was detected around the Japanese Islands, the frequencies of these three groups seemed to show a latitudinal trend.
The Japan Sea is one of the marginal seas of the Asian Continent ( Fig. 1) and is connected to neighboring seas through narrow, shallow straits. The deep-sea fauna of this region is known to have been affected by environmental changes during the glacial periods. During the last glacial maximum (LGM), most deep-sea animals went extinct due to anoxidation affecting most of the sea (Itaki et al. 2004 ). However, some species without ontogenetic vertical migration such as the Japan Sea eelpout Bothrocara hollandi (Jordan & Hubbs, 1925) and snailfishes of the genus Careproctus survived the LGM in the Japan Sea (Kodama et al. 2008 , Kai et al. 2011a , Kojima et al. 2011 . After the LGM, the deep-sea animal colonization via these straits provided the fauna in this sea area some unique characteristics such as low endemism, low species diversity, wider habitat depth ranges of species than the neighboring areas, and an almost complete lack of typical deep-sea groups, e.g., lantern fishes and rattails (Nishimura 1983 , Okiyama 2004 . While a few demersal fishes (Lycodes japonicus Matsubara & Iwai, 1951 ; Careproctus notosaikaiensis Kai, Ikeguchi & Nakabo, 2011) and snails (Buccinum striatissimum Sowerby, 1899; Buccinum tsubai Kuroda & Kikuchi, 1933 ) are known to be endemic to the Japan Sea (Amano 2004 , Iguchi et al. 2007 , Kai et al. 2011b , Sakuma et al. 2015 , no endemic mesopelagic fish have been reported. The North Pacific lightfish Maurolicus japonicus Ishikawa, 1915 is the sole mesopelagic fish that reproduces in the Japan Sea (Okiyama 1971) . Besides the Japan Sea, M. japonicus also inhabits the East China Sea and the North Pacific Ocean around the Japanese and Hawaiian Islands (Aizawa & Doiuchi 2013) . Aizawa & Doiuchi (2013) suggested the possibility that Maurolicus fish inhabiting waters near the Hawaiian Islands are not M. japonicus based on their geographical remoteness.
Taxonomy of the genus Maurolicus has been muddled for a long time, as Maurolicus fishes show almost no interspecific difference in the number and arrangement of the luminous organs, which are used as taxonomic characters for other mesopelagic fishes. Therefore, these fish have been classified based on other morphological traits that sometimes exhibit high intraspecifc variation and a large overlap among species, leading to much confusion. Grey (1964) unified all of the six described species into a single valid species Maurolicus muelleri (Gmelin, 1789). Parin & Kobyliansky (1993) revised this genus to recognize 15 valid species including M. japonicus. Based on nucleotide sequences of mitochondrial genes for cytochrome oxidase c subunit I (COI) and 16S ribosomal RNA (16S) and nuclear internal transcribed spacer region 2 (ITS-2) sequences, Rees et al. (2017) reported that five of the Maurolicus species can be classified into three genetically distinct clades: the Southern, Northern, and Equatorial/Western North Atlantic clades. Although M. japonicus was not included in their study, Rees et al. (2017) suspected that this species belongs to the Southern clade, which consists of Maurolicus walvisensis Parin & Kobyliansky, 1993 from the South Eastern Atlantic Ocean and Maurolicus australis Hector, 1875 from the Southern Pacific Ocean, as Kim et al. (2008) and Habib et al. (2012) suggested synonymy between M. japonicus and M. walvisensis based on 16S sequences and morphology. Rees et al. (2017) further suggested these three species should be treated as a single species M. australis. During the present study, Maurolicus breviculus Parin & Kobyliansky, 1993 Table 1 ). A small piece of muscle tissue taken from each individual was stored in a freezer (−30°C) until used for molecular analyses. The remaining part of each specimen was fixed in 10% seawater formalin.
Total DNA was extracted from frozen tissue using a DNeasy Tissue Extraction Kit (Qiagen, Valencia, CA) according to the manufacturer s instructions. Mitochondrial DNA fragments including parts of COI and 16S genes were amplified through PCR using primer sets LCO1490 (5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′) and HCO 2198 (5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′) (Folmer et al. 1994) , and 16Sar (5′-CGC CTG TTT ATC AAA AAC AT-3′) and 16Sbr (5′-CCG GTC TGA ACT CAG ATC ACG T-3′) (Palumbi 1996) , respectively. The steps used to perform PCR were as follows: incubation at 94°C for 120 s, followed by 35 cycles at 94°C for 40 s, 54°C for 60 s, and 72°C for 90 s. To degrade the remaining primers and nucleotides, 5 µL of the PCR products was mixed with 1 µL of ExoSAP-IT (United States Biochemical, Cleveland, OH, USA) and incubated at 37°C for 15 min and 80°C for 15 min. Each purified PCR product was used in cycle sequence reactions with the same primers as for PCR, using a BigDye Terminator Cycle Sequencing Kit, version 3.0 (Applied Biosystems, Foster City, CA, USA). The nucleotide sequences were determined bidirectionally using an ABI 3130 automated DNA sequencer (Applied Biosystems). The nucleotide sequences determined in the current study were deposited in the DDBJ/EMBL/ GenBank databases under the accession numbers LC371262-371273 (COI) and LC371274-371280 (16S). Additional sequence data of M. japonicus from the most southeastern part of the Japan Sea, M. australis from the Eastern Indian Ocean and the Western South Pacific Ocean, M. walvisensis from the Eastern Atlantic Ocean were referred from Suneetha et al. (2000), Kim et al. (2008) , and Rees et al. (2017) , with the Table 1 . White, gray, and black sectors in pie graphs indicate relative frequencies of individuals belonging to groups C1, C2, and C3 in Fig. 2a , respectively. (Ratnasingham & Hebert 2007) . The sequences were aligned using the computer program Clustal W (Thompson et al. 1994 , Jeanmougin et al. 1998 ) in the MEGA version 5.0 Beta software package (Tamura et al. 2011) , using the default settings. The alignments were also checked visually. Haplotype networks were reconstructed using the computer program TCS1.21 (Crement et al. 2000) under a 95% connection limit. The differences in the frequencies of haplotypes between populations were examined using an exact test of population differentiation (Raymond & Rousset 1995) coffier et al. 2010) . The unbiased fixation index, F ST (Weir & Cockerham 1984) , was estimated, and its significance was tested using a nonparametric permutation approach (10,000 permutations) performed with Arlequin. The significance of the population structure was tested with an analysis of molecular variance (AMOVA), using a permutational approach (Excoffier et al. 1992 ) with Arlequin.
Partial nucleotide sequences of mitochondrial COI (621 bp; 175 individuals from all seven sampling sites) and 16S (520 bp; 90 individuals from the three sampling sites J1, J4, and P2 in Table 1 ) genes of M. japonicus were determined to obtain 12 and 7 haplotypes, respectively. No indels were detected among the sequences determined in this study. As a single indel site was detected in 16S between all sequences reported in Rees et al. (2017) and others, the site was not used in the present analyses. Figure 2 shows evolutionary relationships among haplotypes obtained from M. japonicus, M. walvisensis, M. australis, and M. breviculus as networks. A nucleotide sequence of the most dominant COI haplotype of M. japonicus (Haplotype 1 in Fig. 2a) was obtained from M. walvisensis and M. australis, and all other sequences obtained from these two species were also closely related to haplotypes of M. japonicus (Fig.  2a) . A COI sequence of M. breviculus differed from that of Haplotype 2 by a single nucleotide substitution. Among 16S hapotypes, the dominant haplotype (Haplotype 1 in Fig. 2b) were shared with M. walvisensis and M. australis. The nucleotide sequences of three haplotypes of M. japonicus reported by Kim et al. (2008) were identical to those of Haplotypes 1, 2, and 6, and that of the remaining single haplotype (Haplotype 8 in Fig. 2b ) was not obtained from the present samples.
Within the COI network (Fig. 2a) , three groups, which consisted of the dominant haplotype and rare ones differing from the former by fewer than three nucleotide substitutions, were recognized. Group C1 (Fig. 2a) contained all haplotypes obtained from M. walvisensis and M. australis, and Group C2 contained a haplotype from M. breviculus, while haplotypes in Group C3 were obtained only from M. japonicus. Of the two groups recognized in the 16S network, only one (Group R1 in Fig. 2b ) contained haplotypes obtained from species other than M. japonicus. Individuals contained in Group C3 in the COI network completely corresponded to those in Group R2 in the 16S network.
The frequencies of haplotypes in local populations of M. japonicus are shown in Tables 2 and 3 . Based on COI sequences, no significant genetic difference among the seven local populations were detected by the exact test (p > 0.05) and the test performed to examine the unbiased F ST (p > 0.05). Specimens collected from the seven sites were grouped into two groups from the Japan Sea (J1-4) and the Pacific Ocean (P1-3), and subjected to AMOVA. AMOVA did not reveal any genetic differences between the two sea areas (p > 0.05). The same results were obtained based on the 16S and COI+16S data sets.
The previous study (Rees et al. 2017 ) revealed a significant interoceanic gene flow of Maurolicus fishes in the Southern clade, which suggests their high dispersal ability. Okiyama (1971) reported that the distribution of adults of Maurolicus fishes is almost limited to sea areas near land masses or seamounts between the depths of 100 m and 500 m while eggs and larvae are often sampled in open ocean areas. However, the present results showed that the Southern clade contains two additional groups endemic to the Pacific Ocean (Group C2 in Fig. 2a ) and the North Western Pacific Ocean (Group C3 in Fig. 2a=R2 in Fig 2b) , respectively. As the dominant haplotypes of the three groups differ from each other by three nucleotide substitutions within the 621 bp region of the COI gene (less than 0.012 of Kimura s two-parameter distance), isolation and divergence among the groups are thought to have occurred recently likely with the glacial-interglacial cycles during the Pleistocene. Marginal seas developed along the western coast of the Asian Continent and might have provided the conditions under which such evolutionary events could occur.
Although no significant genetic structure was detected for M. japonicus around the Japanese Islands, frequencies of the three COI groups seemed to show a latitudinal trend: a high frequency of Group C1 and Group C3 at northern sites and southern sites, respectively (Fig. 1) . However, 16S sequence data provided by Kim et al. (2008) showed a relatively low frequency of individuals of the North Western Pacific-endemic group (R2 in Fig. 2b , corresponding to Group C3) in the most southwestern region of the Japan Sea (35%). Thus, the ancestor of the North Western Pacific-endemic group is thought to have been isolated in glacial refuge(s) around the present sampling sites J3 and J4 and genetically deviated by a bottleneck effect due to the severe environments in the Japan Sea during the LGM (Itaki et al. 2004) . After the LGM, fresh sea water was supplied to the Japan Sea via the Oyashio Cold Current from the north (Oba 1991) . With this current, individuals of Groups C1 and C2 were likely transported into the Japan Sea and the range of Group C3 was also likely extended southward. Then, the Tsushima Warm current began flowing into the Japan Sea via the Tsushima Strait and might have transported C3 individuals northward. This historical pattern of distribution might have led to a high frequency of C3 individuals around sites J3 and J4 and a decrease in the frequency of C3 individuals with increasing distance from these sites. With the formation of the Kanmon Strait approximately 5,000 years ago (Ohshima 1990) , the C3 individuals might have been further transported to the Pacific Ocean, and this might have resulted in a latitudinal trend in the frequency of C3 individuals along the Pacific coast of the Japanese mainland. As the tideland snail Batillaria attramentaria (A. Adams in G. B. Sowerby II, 1855) (=B. cumingi (Crosse, 1862)) was suggested to have dispersed from the Japan Sea to the Seto Inland Sea after the LGM despite its direct development mode (Kojima et al. 2004) , larger amounts of sea water should have flowed through the Kanmon Strait than at present.
Maurolicus fishes are an important food source for predatory fishes and whales (Okiyama 1971) , and their largest local population in the Pacific Ocean is reported from the Japan Sea (Okiyama 1981) . The present results provide the first information on the genetic structure of the North Pacific lightfish. The present results also provide valuable knowledge for studies on the phylogeography of fishes of the Japan Sea as well as the taxonomy of fishes of the genus Maurolicus. Molecular approaches are valuable for understanding the evolutionary history of widely-distributed species, and further research is necessary. 
